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Abstract
Geochemical compositions of fine-grained stream sediment from four drainages on the north shore of the island of Kauai, Hawaii, west of Hanalei and two back-beach sites were explored to increase understanding about land-based runoff and ecological risk from runoff to nearshore coral communities. Stream and beach sediment was collected between July 30 and August 2, 2016, and major, minor, and trace elements in the less than 63 micrometer-diameter fraction were analyzed by inductively coupled plasma optical emission spectroscopy and mass spectroscopy. The potentially toxic metals Cr, Cu, Ni, and Zn exceeded levels at which adverse biological effects could be observed; however, these metals seemed to be largely mineral-bound and thus were unlikely to harm organisms. Cd and Pb were below levels of ecological concern. Only a small amount of fine-grained sediment was retained on beaches west of Hanalei sampled in summer 2016 (mean=8.8 percent, median=0.4 percent, range=0-92.8 percent, n=41). Although the scarcity of fine-grained sediment precluded landbased runoff sourcing to the nearshore region, it did indicate that fine-grained sediment and associated contaminants did not accumulate over the long term in the sampled intertidal, subtidal, and reef-flat environments, which would reduce sediment-related pressures on coral communities there.
Introduction and Study Description
Human development and use of coastal zones is linked to increased deliveries of land-based sediment, nutrients, and contaminants to coastal ecosystems (Mee, 2012) . Owing to the substantial economic and cultural benefits that healthy and productive coral reefs provide, the State of Hawaii has prioritized the reduction of land-based pollution impacts (Hawaii Department of Health, 2015) . The study described in this report aimed to identify watershed sources of terrigenous, or land-derived, sediment and any sediment-bound potentially toxic metals to the coastal zone in the Wainiha region on the north shore of the Island of Kauai, Hawaii, west of Hanalei. The coastal road in this region is used daily by 2,300 vehicles on average (Hawaii Department of Transporation, 2017) and crosses four streams that deliver land-derived materials to the nearshore region. This study is part of a larger study exploring the role of land-based runoff as a factor contributing to coral disease in Kauai (Aeby and others, 2011) . Such knowledge would help guide watershed restoration and runoff mitigation efforts to areas where they are most needed.
The study consisted of two components that characterized the geochemical compositions of stream and nearshore sediment. For the watershed component, the geochemical compositions of fine-grained stream sediment (<63 micrometers) from four drainages west of Hanalei (from west to east: Limahuli, Manoa, Wainiha, and Lumahai; fig. 1 ) were explored to determine whether any had distinctive compositional characteristics, or signatures, that would allow downstream sediment deposits to be attributed to geographic and geologic source regions, and whether any had elevated levels of potentially toxic metals. Sediment geochemical sourcing requires that contributing basins contain compositionally distinct rock types whose geochemical signatures are quantitatively transferred into eroded and transported sediment exported from the basins (Fralick and Kronberg, 1997) . For the nearshore component, the percentage of terrigenous material in bulk beach sediment was determined along the 6-kilometer-long stretch of shore from Ke'e Beach to Lumahai Beach ( fig. 1) . Additionally, the geochemical compositions, including potentially toxic metal contents, of fine-grained sediment on those beaches were determined and compared to ecological thresholds in order to assess potential impacts of land-derived sediment and contaminants on nearby coral reef communities.
Geologic Setting
Kauai is the second oldest of the Main Hawaiian Islands (Garcia and others, 2010) , and its highly eroded volcanic peaks and lavas are covered with thick soils (MacDonald and others, 1960) . The Waimea Canyon Basalt forms most of the island of Kauai and consists largely of shield stage olivine basalts and post-shield stage transitional alkalic lavas (MacDonald and others, 1960) that erupted 4-6 million years ago (Ma) (Garcia and others, 2010) . Rejuvenated-stage alkalic lavas of the Koloa Volcanics erupted 0.1-4 Ma (Cousens and Clague, 2015) and comprise less than 5 percent of the volume of the island (Garcia and others, 2010) . The drainages on the north shore of Kauai west of Hanalei formed in Waimea Canyon Basalt and contain outcrops of alkalic Koloa lavas at Wainiha Beach and Lumahai Beach (Sherrod and others, 2007) .
Methods

Sediment Collection
Forty-one sediment samples were collected between July 30 and August 2, 2016, from the banks (7 samples) of Limahuli Stream, Manoa Stream, Wainiha River, and Lumahai River on the north shore of Kauai west of Hanalei, and from nearby beaches and Makua Lagoon (34 samples) ( fig. 1 ; table 1). Sampling targeted deposits of fine-grained sediment. Acidcleaned sampling tools were used to collect stream and beach sediment and were disinfected with a 10 percent bleach solution between stream sites to prevent the spread of organisms. The upper 2 centimeters (cm) of stream bank and intertidal beach sediment were scooped into plastic wire-top sample bags. Subtidal beach sediment was scooped into 250 milliliter (ml) polypropylene sample jars. Samples were shipped and stored frozen until processing.
Sediment Analyses
Grain Size, Carbon, and Percent Carbonate Analyses Bulk sediment was analyzed for grain size (GS) distribution and percent carbonate (calculated from total inorganic carbon [TIC] content) by the U.S. Geological Survey (USGS) Pacific Coastal and Marine Science Center sediment laboratory. Particles with diameters greater than 2 millimeters (mm) were separated by dry-sieving into quarter-phi intervals (size in mm=2 -phi ) and weighed by size class. Sediment GS distributions were determined on organic-and salt-free sediment. Organic matter was removed from the less than 2-mm-diameter sediment fraction with hydrogen peroxide, and soluable salts were removed by centrifugation in freshwater. Sand-and mud-sized particles (2 mm-63 µm and <63 µm) were separated by wet sieving and quantified using a laser particle diffraction counter (Beckman Coulter Life Sciences). GS parameters were calculated with in-house statistical software according to the methods of Folk and Ward (1957) . Total carbon (TC) and TIC were determined coulometrically (UIC, Inc.). Percent carbonate was calculated as TIC multiplied by 8.333, the mass ratio of calcium carbonate to carbon. The terrigenous fraction was calculated as 100 minus the percent carbonate value.
Compositional Analyses
Sediment was oven dried at 60 degrees Celsius and gently disaggregated with a mortar and pestle to avoid altering grain sizes. Disaggregated sediment was dry-sieved in stainless steel sieves to obtain 2 grams (g) of the <63 µm-diameter (fine sediment) fraction, which was sent to the USGS Central Mineral and Environmental Resources Science Center Analytical Chemistry Project for geochemical compositional analyses. Total sediment decomposition with a sodium peroxide fusion and quantification by inductively coupled plasma optical emission spectroscopy (ICP-OES) and inductively coupled plasma mass spectroscopy (ICP-MS) was used to analyze contents of major, minor, and trace elements (Morrison and others, 2009 ). The total decomposition was optimal for determinations of rare earth elements (REEs) and other elements in refractory minerals such as chromium (Cr) and zirconium (Zr). Neartotal sediment decomposition with a four-acid mixture and quantification by ICP-OES and ICP-MS was used to analyze contents of major, minor, and trace elements, and was optimal for trace element determinations (Goldhaber and others, 2009) .
Major element contents are reported in units of percent, and minor and trace element content are reported as milligrams per kilogram (mg/kg). Duplicate samples had a relative standard deviation no greater than 15 percent, and compositional values were within ±15 percent at five times the lower limit of determination. To account for differences in the terrigenous content of the fine sediment fraction, compositional data were referenced to titanium (Ti), a component of primary basaltic minerals that does not have an urban source in Hawaii (Sutherland and Tolosa, 2000) . A positive correlation with Ti is characteristic of a basalt-hosted element, and a lack of correlation with Ti is characteristic of an element associated with non-basaltic material, such as an alkalic lava (Hanano and others, 2010) .
Results
Sediment Grain Size Distributions
Seventeen of 41 samples were composed of 1 percent or more fine sediment (table 1). The median grain sizes of 7 stream samples ranged from medium sand (250-500 µm) to clay-sized (<4 µm) sediment. The median grain sizes of 34 beach samples ranged from very coarse sand (1-2 mm) to medium sand (0.250-0.500 mm).
Terrigenous and Carbonate Fractions of Bulk Sediment
Bulk stream sediment consisted of 56-100 percent terrigenous material (table 1) , with a mean of 87 percent and a (Calhoun and Fletcher, 1996; Morton and others, 2007) . Bulk beach sediment consisted of 4-82 percent terrigenous material (table 1) , with a mean of 32 percent and a median of 27 percent. The skew toward low terrigenous values in beach sediment shows that beaches were composed predominantly of carbonate grains.
Fine Sediment Geochemical Compositions
Nine samples had sufficient fine material for compositional analysis (denoted by footnote in table 1). Seven were from streams and two from the back-beach areas at Ha'ena Beach Park (LIM-9) and Wainiha Beach (WAI-7). Geochemical data are available in appendixes 1 (near-total compositions) and 2 (total compositions).
Potentially Toxic Metals in North Kauai Stream Sediment
The trace metals chromium (Cr), copper (Cu), nickel (Ni), and zinc (Zn) are naturally enriched in Hawaiian soils because they are incorporated in volcanic minerals in basaltic lavas (Sutherland, 2000) . Because these elements are largely mineral-bound, they are not likely to be assimilated by organisms (Sutherland and Tolosa, 2000) . Therefore, although total fine-sediment contents of Cr and Ni exceeded the probable effects concentration (PEC) for freshwater sediment (MacDonald and others, 2000) above which adverse biological effects are expected to occur more often than not (table 2) , and Cu and Zn exceeded the threshold effects concentration (TEC) for freshwater sediment (MacDonald and others, 2000) above which adverse biological effect are sometimes expected to occur (table 2), the fractions of these metals that were available to organisms and food webs, called the bioavailable fractions, were expected to be below levels of biological concern (Sutherland and Tolosa, 2000) . Lead (Pb) was slightly elevated in fine sediment from Manoa Stream below the highway crossing, and in fine sediment collected from the bank of Lumahai Stream under the highway bridge, but did not exceed the TEC (table 2). In the fine fraction of beach sediment, Pb and Zn contents were below the effect range low (ERL) level for estuarine sediment (Long and others, 1995) , below which adverse biological impacts would rarely be observed; Ni contents exceeded the effect range median (ERM) level for estuarine sediment (Long and others, 1995) , above which adverse biological impact are likely to occur; and Cr and Cu contents were intermediate. Cadmium contents were below levels of concern at all sites. 
Volcanic Geochemistry of North Kauai Stream Sediment
Fine sediments of all nine stream and beach samples had Ni contents greater than 100 mg/kg and Cr greater than 300 mg/kg ( fig. 2A, B) , indicating that olivine basalts (Mukhopadhyay and others, 2003) were the dominant source of land-derived sediment to the north Kauai shore west of Hanalei. Cobalt (Co) and scandium (Sc), two other elements that are characteristic of basaltic lavas (Hanano and others, 2010) , were closely correlated with Cr in stream and beach fine sediment (r >0.80). Based on basaltic compositions that plot in overlapping fields relative to Ti, sediment from the four drainages west of Hanalei Bay could not be distinguished geochemically ( fig. 2A, B) .
The alkali metal rubidium (Rb) is enriched in alkalic Hawaiian lavas (Maaløe and others, 1992; Hanano and others, 2010) . The low negative correlation of Rb and Ti contents ( fig. 2C) showed that the alkalic element Rb was not associated with sediment derived from basalt in streams on the north Kauai shore west of Hanalei. Rb contents were elevated (>8 mg/kg) relative to Ti contents in fine sediment from Manoa Stream and an eroding seacliff at Lumahai Beach (red square and purple cross in fig. 2C ), indicating that runoff from these drainages contained material from alkalic lavas that imparted a distinctive geochemical signature. Two samples from Wainiha and Lumahai Streams with slightly elevated Rb relative to Ti contents (~4-4.5 mg/kg, green triangle and purple cross in fig. 2C ) could also contain small amounts of alkalic material, consistent with the presence of alkalic olivine basalt outcrops at the mouths of these streams (Cousens and Clague, 2015) . Fine-grained beach sediment at Limahuli and Wainiha beaches did not, however, contain distinguishable alkalic geochemical signatures relative to Ti contents (blue stars in in fig. 2C ), reflecting the dominance of basaltic sediment sources west of Hanalei.
None of the beach-front intertidal, subtidal, or reef flat samples had sufficient fine sediment for compositional analyses, likely due to a high degree of reworking and winnowing by waves, so it was not possible to assess whether runoff from the four small drainages impacted the reef flat west of Hanalei.
Summary
Stream sediment geochemistry was determined in the sediment fine fraction (<63 µm) in four drainages west of Hanalei, Kauai: Limahuli, Manoa, Wainiha, and Lumahai in summer 2016. The potentially toxic metals Cr and Ni exceeded sediment quality guidelines at which adverse biological effects are expected to occur more often than not; however, these metals are mineral-bound in Hawaiian soils and thus are not readily available to organisms. Cu and Zn exceeded sediment quality guidelines at which adverse biological effects would sometimes be expected to occur and are also largely geologically sourced in Hawaiian soils. Cd and Pb were below levels of ecological concern in fine-grained sediment from the four sampled streams and two back-beach sites. Overall, basaltic geochemical signatures predominated in stream sediment, were relatively similar across basins, and therefore were not distinctive of runoff sources. Alkalic geochemical signatures were identified in fine-grained sediment at two sites: Manoa Stream and a seacliff at Lumahai Beach; however, intertidal beaches and adjacent reef flats contained little fine-grained sediment, which precluded the use of alkalic geochemical signatures in identifying runoff sources and transport along this stretch of shore. The lack of retention of finegrained sediment on beaches of the north shore of Kauai west of Hanalei attests to the efficiency of removal of land-derived sediment and sediment-bound contaminants by local hydrodynamics in summer. Although rainfall is greater in winter than summer on Kauai (Ramage and Schroeder, 1999) and could deliver more runoff to the coastal ocean, terrigenous sediment removal is expected to be more efficient in winter when large wave events impact the north shore (Moberly, 1968) and offset negative effects of terrigenous sediment loading (Draut and others, 2009 
